Archaeological and genetic evidence concerning the time and mode of wild horse (Equus ferus) domestication is still debated. High levels of genetic diversity in horse mtDNA have been detected when analyzing the control region; recurrent mutations, however, tend to blur the structure of the phylogenetic tree. Here, we brought the horse mtDNA phylogeny to the highest level of molecular resolution by analyzing 83 mitochondrial genomes from modern horses across Asia, Europe, the Middle East, and the Americas. Our data reveal 18 major haplogroups (A-R) with radiation times that are mostly confined to the Neolithic and later periods and place the root of the phylogeny corresponding to the Ancestral Mare Mitogenome at ∼130-160 thousand years ago. All haplogroups were detected in modern horses from Asia, but F was only found in E. przewalskii-the only remaining wild horse. Therefore, a wide range of matrilineal lineages from the extinct E. ferus underwent domestication in the Eurasian steppes during the Eneolithic period and were transmitted to modern E. caballus breeds. Importantly, now that the major horse haplogroups have been defined, each with diagnostic mutational motifs (in both the coding and control regions), these haplotypes could be easily used to (i) classify well-preserved ancient remains, (ii) (re)assess the haplogroup variation of modern breeds, including Thoroughbreds, and (iii) evaluate the possible role of mtDNA backgrounds in racehorse performance.
Archaeological and genetic evidence concerning the time and mode of wild horse (Equus ferus) domestication is still debated. High levels of genetic diversity in horse mtDNA have been detected when analyzing the control region; recurrent mutations, however, tend to blur the structure of the phylogenetic tree. Here, we brought the horse mtDNA phylogeny to the highest level of molecular resolution by analyzing 83 mitochondrial genomes from modern horses across Asia, Europe, the Middle East, and the Americas. Our data reveal 18 major haplogroups (A-R) with radiation times that are mostly confined to the Neolithic and later periods and place the root of the phylogeny corresponding to the Ancestral Mare Mitogenome at ∼130-160 thousand years ago. All haplogroups were detected in modern horses from Asia, but F was only found in E. przewalskii-the only remaining wild horse. Therefore, a wide range of matrilineal lineages from the extinct E. ferus underwent domestication in the Eurasian steppes during the Eneolithic period and were transmitted to modern E. caballus breeds. Importantly, now that the major horse haplogroups have been defined, each with diagnostic mutational motifs (in both the coding and control regions), these haplotypes could be easily used to (i) classify well-preserved ancient remains, (ii) (re)assess the haplogroup variation of modern breeds, including Thoroughbreds, and (iii) evaluate the possible role of mtDNA backgrounds in racehorse performance.
horse mitochondrial genome | mtDNA haplogroups | origin of Equus caballus | Przewalski's horse | animal domestication F arming and animal domestication were fundamental steps in human development, contributing to the rise of larger settlements and more stratified societies and eventually, great civilizations. One of the key events in this process was the domestication of the wild horse (Equus ferus), which was profoundly connected to numerous human activities in both prehistorical and historical times. The horse served as a means to provide food, facilitate transportation, and (since the Bronze age) enhance warfare capabilities. A question that has not yet been completely addressed concerns the timing and mode in which humans began to benefit from the employment of these animals (1) (2) (3) (4) (5) (6) .
From a genetic point of view, animal domestication can be reconstructed by performing phylogeographic analyses of both nuclear and mitochondrial genomic data (2, 7) . A draft sequence for the horse nuclear genome was recently published (8) , whereas the first complete mtDNA sequence for this species has been available since 1994 (9) . Despite this information, nearly all of the molecular and evolutionary studies of horse mtDNA have generally focused on ∼350-650 bp from two HyperVariable Segments (HVS-I: nucleotide position 15,469-15,834; HVS-II: np 16,351-16,660) within the control region (D-loop: np 15,469-16,660) (7, (10) (11) (12) (13) . In many other mammalian species, the variation seen in this short segment of the mitochondrial genome is often accompanied by high levels of recurrent mutations, thus blurring the structure of the tree and rendering the distinction between some important ancient branches within the tree virtually impossible (14) (15) (16) . To address this issue and improve mtDNA phylogeny, we analyzed a total of 83 horse mitochondrial genomes (GenBank accession nos. JN398377-JN398457).
Results and Discussion
Phylogeny of Horse Mitochondrial Genomes. For complete sequencing, mtDNAs were collected from a rather wide range of horse breeds across Asia, Europe, the Middle East, and the Americas (SI Appendix, Table S1 ). Excluding ambiguous sites and the 16129-16360 short tandem repeat (STR), we identified a total number of 667 varied sites (Table 1) : 549 in the coding region (15,476 nt) and 118 in the noncoding regions (1,032 nt), mostly represented by the D-loop (113 of 960 nucleotides). Overall, we observed an average number of 82.0 ± 30.7 nucleotide differences between two randomly chosen sequences. Fig. 1 illustrates the distribution of the total number of mutations along the genome (continuous line). A similar plot was obtained when considering the variation of nucleotide diversity (π) (17) along the entire mtDNA by assessing windows of 200 bp (step size = 100 bp) centered at the midpoint (Fig. 1, dotted line) . As expected, the highest diversity was observed around the HVS-I segment (from np 15,500 to np 15,800), with a peak of 0.02699. The latter value is in agreement with the values previously reported, which range from 0.03 to 0.05 (12) . Within the coding region, the highest proportion of varied sites was found in protein-coding genes (Table 1) where, consistent with previous reports on the human mitochondrial genome (18) (19) (20) , there was an excess of synonymous mutations.
The evolutionary history of the 83 complete mtDNA sequences (81 different haplotypes) was inferred by a parsimony approach (SI Appendix, Fig. S1 ). To translate the molecular divergence of the major tree nodes into time, the 83 complete mtDNA sequences were compared with the single available complete mtDNA sequence (donkey reference sequence) from a donkey (E. asinus). A maximum likelihood (ML) tree was then estimated based on synonymous mutations alone (Fig. 2) . Despite the number of potential factors causing time-dependent rates (21), the synonymous molecular clock is most likely to remain linear over time, although saturation can also be an issue with long time frames. The deepest node, corresponding to the Ancestral Mare Mitogenome (AMM) from which all modern horse mtDNAs derive, was dated at ∼153 ± 30 thousand years ago (kya). Two branches depart from this node; one encompasses only two mtDNAs (82 and 83), and the other comprises all other sequences. This latter branch is further split at two nodes (nodes A'L and M'Q) characterized by very similar average sequence divergences (Fig. 2) . Considering the molecular separation of the derived subbranches, a series of different, relatively young nodes of ages lower than 11 ky were observed ( Fig. 2 and SI Appendix, Tables S2 and S3). This value was then considered as an arbitrary threshold to classify and (re)name E. caballus haplogroups on the basis of entire mtDNA sequences.
Horse mtDNA Haplogroups. A total of 18 major haplogroups were labeled in alphabetical order (from A to R), each defined by a specific motif encompassing both the coding and control regions. The direct comparison of the new and old nomenclatures shows that all deep nodes in the horse phylogeny and most haplogroups were not resolved by control region data alone (SI Appendix, Table S4 ). After these new haplogroups were defined, we were able to compare the above-mentioned mutational patterns within and outside the established haplogroups ( Table 2) . A sign of purifying selection was evident when comparing the nonsynonymous/ synonymous ratio, which was significantly lower (P value < 0.001; Fisher exact test) in the deep portion of the tree.
As for the Przewalski's horse (E. przewalskii), with a karyotype of 2N = 66 vs. 2N = 64 for E. caballus (22), our two identical mtDNAs (26 and 27) belonged to a haplogroup (F) that is distinct from the haplogroups of domestic horses (Fig. 2) . This finding is in agreement with the observation that virtually all Przewalski's horse control region haplotypes belong to haplogroup F, with one notable exception (AF055879) (23) . Recently, four complete Przewalski mtDNAs were published (24) . Although three mtDNAs belonged to haplogroup F, the fourth mtDNA shared the control region motif with the above-mentioned sample AF055879, radiating before the J'K node in our phylogeny (SI Appendix, Fig. S1 and SI Appendix, Table S5 ).
Horse MtDNA Molecular Clock. To convert mutational distances into time over the entire mitochondrial genome, we used diverse ML and Bayesian analyses as described in Materials and Methods. Age estimates based on the complete genome with five partitions (first, second, and third codon positions, RNA genes, and noncoding regions) performed with PAML (Phylogenetic Analysis by Maximum Likelihood) and BEAST (Bayesian Evolutionary Analysis Sampling Trees) provided values that were not drastically different for the AMM (133 and 157 ky, respectively) (SI Appendix, Table S2 ). However, for the younger clades, the age values were higher than in the synonymous estimates as shown in Fig. 3A . Haplogroups A-R date from 4.9 to 15.5 ky with PAML and from 7.5 to 16.2 ky with BEAST. This finding is expected taking into account that all of the negatively selectable characters are included in the analysis and the effect of purifying selection is incomplete for the younger haplogroups (20) . In any case, these discrepancies do not affect our conclusions based on the synonymous clock, and they are only relevant to the exact dating of the rather recent time when the horse mtDNA pool rapidly expanded. Fig. 3B shows that BEAST ages for younger haplogroups are substantially higher than those ages obtained with PAML when weighted on the synonymous estimates. For branch lengths lower than 16 ky, which include all of the established haplogroups, BEAST estimates have an average ratio relative to synonymous ages of 1.92 ± 0.52, whereas PAML estimates present an average ratio of 1.57 ± 0.42. When considering all ages, the average ratio is 1.60 ± 0.51 for BEAST and 1.34 ± 0.43 for PAML.
Comparing the Ages of the Five Partitions. Independent analyses of each partition (first, second, and third codon positions, RNA genes, and noncoding regions) (SI Appendix, Table S3 ) relative to synonymous ages could provide answers for the observed patterns in both analyses. The PAML results were intuitive: the ratio of the third codon position was almost linear, because most mutations are synonymous; partitions based on the first and second codon positions showed much higher ratio values for young haplogroups considering that most mutations are nonsynonymous (all nonsynonymous in the case of the second position). The same trend was obtained for the RNA partition, also explained by selection, and the noncoding partition, probably mainly caused by saturation.
In the BEAST analysis, the patterns were less plausible. The ratio to synonymous ages, when considering only the third codon position, revealed an average of 1.8 and a higher ratio in young clades, which is surprising in a partition mainly containing synonymous mutations. Apart from the noncoding partition, this class is the class that presents the highest overall average ratio relative to synonymous ages. The noncoding partition in BEAST also displays higher values than the same partition in PAML, suggesting that BEAST deals with saturation differently than PAML. Third position partition and noncoding mutations should correspond to about 80% of the mutations, and they also present the higher substitution rates per nucleotide. This finding means that they are the most prone to saturation.
In human mtDNA studies, BEAST age estimates (25) correlated well with estimates based on a clock estimated with PAML from the human/chimpanzee split (20) , but the calibration points used in BEAST were internal; therefore, saturation was not an issue, and the time dependence of evolution rates was mitigated. Our analyses of horse mitochondrial genomes suggest that BEAST is best used when internal calibration points are available, which were impossible to infer in the horse case since no reliable archeological data with a connection to age for any given haplogroup are available.
Geographic Distributions of Horse MtDNA
Haplogroups. An analysis of the geographic distribution of these haplogroups in Eurasia (SI Appendix, Fig. S3 ) based on the information currently available in the literature or deposited in GenBank revealed that both European and Middle Eastern samples lacked representatives of lineages F and (pre)JK, which were only detected in the Przewalski's horse (SI Appendix, Fig. S1 and Tables S5 and S6 ). This finding also supports evidence from other studies that the Przewalski's horse is not the mtDNA source for the domestic horse (8, 11) . The Asian continent displays the highest haplogroup variation, and it is the only geographic area to include representatives of all haplogroups defined on the basis of HVS-I motifs (SI Appendix, Table S7 ). Some haplogroups (such as G, Q, and A) showed frequency peaks in Asia (16.35%, 13.80%, and 11.93%, respectively) and a decline to the Middle East (8.33%, 10.42%, and 7.81%, respectively) and Europe (8.73%, 3.85%, and 4.49%, respectively). Intriguingly, an opposite distribution pattern was observed for haplogroup L, which seems to be most frequent in Europe (38.06%), with a progressive reduction to the east (22.4% in the Middle East and 13.46% in Asia). The modern geographical distribution of L is supported by control region data from ancient DNA samples. Indeed, analysis of ancient DNA indicates that haplogroup frequency distributions are overlapping in modern and ancient samples, with most haplogroups already present in ancient times at least in Europe and Asia. In particular, 01  02  03  04  05  06  07  08  09  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65  66  67  68  69  70  71  72  73  74  75  76  77  78  79  80  81  82  83 Time (ky) Fig. 2 . Schematic phylogeny of complete mtDNAs from modern horses. This tree includes 81 sequences and was rooted by using a published donkey (E. asinus) mitochondrial genome (not displayed). AMM indicates the reconstructed AMM, whereas horse reference sequence (HRS) is the newly proposed horse reference sequence (GenBank JN398377). The topology was inferred by a maximum parsimony (MP) approach, whereas an ML time divergence scale (based on synonymous substitutions) is shown on the bottom. Additional details concerning samples, mutational motifs, and ages are given in SI Appendix, Fig. S1 and Tables S1 and S2. Fig. S1 ). † These are mutations in haplogroups/branches represented by a single haplotype, which are shown in Fig. 2 and SI Appendix, Fig. S1 .
haplogroup L mtDNAs were present in Iberia since the Neolithic Bronze Age (SI Appendix, Fig. S3 and Tables S8 and S9 ).
Domestication of Wild Mares. DNA analyses for other domesticated species (e.g., cattle, sheep, and goat) revealed that modern livestock has derived from a limited number of animals that were domesticated in just a few places 8-10 kya (2, 15, 26, 27 ). This finding is also substantiated by today's reduced genetic variation in these animals compared with their ancient forebears. For instance, mtDNA of modern taurine cattle falls into a few distinct haplogroups, suggesting that (almost) only the offspring of original livestock were used to establish herds elsewhere (14, 28) . However, horse mtDNA tells a different story. Modern horse mitochondrial genomes, when analyzed at the highest level of molecular resolution, show a high diversity in terms of haplogroups. Moreover, most of the 17 haplogroups identified in domestic breeds are spread over different geographic areas. This finding should, however, be compared with the genetic traces of the male lines of modern horses: according to a recent study (29) , there is virtually no sequence diversity in the male-inherited Y chromosome. This finding implies that the domestication of wild horses was a process that involved only closely related male horses but allowed for more variation in the female lineages. Archaeological evidence dates horse domestication no earlier than the Eneolithic period (6-7 kya) (4). Therefore, our data indicate that multiple female horse lines were domesticated. Most likely, the minimum number was 17, which corresponds to one founding haplotype for each of the identified haplogroups (A-E and G-R), but it is likely that this figure is much higher. Indeed, more than one founding mtDNA for each haplogroup and other (uncommon) haplogroups might also have been involved in the process. The horse tree shows a steep increase in the effective population size of the Bayesian skyline plot (BSP) (Fig. 4) after 5-8 ky, suggesting that most of the coalescence points in the tree date to the Neolithic period. However, these results should be interpreted carefully; the horse data do not represent random sequences from a population, and the clock in BEAST is probably overestimated.
Paleontological and archeological data indicate that wild horses were widely distributed throughout Eurasia during the Upper Paleolithic (35-10 kya), but it is likely that many lineages did not survive the drastic climatic changes during the Last Glacial Maximum (∼25-19.5 kya) and the Younger Dryas glacial relapse (∼12.7-11.5 kya) (30, 31) . Consequently, the abundance of horse remains in Neolithic sites of Southern Ukraine and Turkestan may be the result of expansions that occurred from an eastern refuge area, perhaps in the Ukraine, where lineages of wild horses were preserved, thus providing the necessary substrate of variability (most of the 18 mtDNA haplogroups) for later horse husbandry in a broad region of the Eurasian steppe. At the same time, horses persisted continuously in the Iberian Peninsula, even during the Mesolithic era when the horse became extinct north of the Pyrenees (32) (33) (34) . This mountain range effectively separated the Iberian Peninsula from the rest of Eurasia, turning it into a glacial refuge for many species, including humans (16, 35) . Haplogroup L is a direct derivative of the deep A-L node in the phylogeny (Fig. 2) , and it harbors the highest frequency in Europe in both modern and ancient samples (SI Appendix, Fig. S3 ). Moreover, its nucleotide (0.0070 ± 0.0003) and haplotype (0.809 ± 0.011) diversities in Europe are virtually identical to those diversities observed for the same haplogroup in Asia (0.0071 ± 0.0004 and 0.848 ± 0.016, respectively). These observations raise the possibility that at least one horse domestication event occurred in Western Europe, possibly in the Iberian Peninsula, which was also suggested by autosomal microsatellite variation in European horse breeds (36) . 
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Haplogroup/Node Synonymous (ML) PAML BEAST Fig. 3 . Age estimates (A) calculated on the protein coding genes (by considering only synonymous mutations) and the entire genome partitioned into five datasets (first, second, and third positions of the codons, RNAs, and noncoding region). B shows a comparison of BEAST and PAML ages relative to the synonymous estimates. Additional details are given in SI Appendix, Table S2 . In conclusion, phylogenetic analyses of mitochondrial genomes reveal that (i) the most recent common female ancestor of all modern horses lived around the Late Saalian glacial maximum ∼140 kya (37, 38) and (ii) many haplogroups underwent domestication since the Eneolithic period in multiple Eurasian locations. Our data also show that the traditional restriction of horse mtDNA studies to a minor fragment of the control region, which is sometimes still practiced (12) , and the proposed specificity of certain mtDNA clusters to pony breeds (six distinct haplogroups in our dataset) (SI Appendix, Table S1 ) (11) are no longer justifiable. Most importantly, now that a large number of horse haplogroups have been defined, each with diagnostic mutational motifs (in both coding and control regions), these haplotypes could be easily used to (i) classify well-preserved ancient remains, also taking into account the recent results obtained by second (and third) generation sequencing approaches (39), (ii) (re)assess the haplogroup variation of modern breeds, including Thoroughbreds (40) , and (iii) evaluate the possible role of mtDNA backgrounds (41) in racehorse performance (42) .
Materials and Methods
Sequencing of Horse Mitochondrial Genomes. Before the sequencing of entire mtDNAs, a preliminary sequence analysis of the control regions was performed. This analysis allowed for the selection of the mtDNAs, which were then completely sequenced. Selected mtDNAs encompassed the widest range of mutational motifs, which was previously described for humans and cattle (43, 44) . For complete sequencing, we used the Sanger sequencing approach with a sequencing protocol (SI Appendix), which is similar to the approaches previously and successfully used for human and cattle mitochondrial genomes (43) (44) (45) . All experimental procedures were reviewed and approved by the Animal Research Ethics Committee of the University of Pavia (Prot. 2/2007; April 17th, 2007). Several mtDNA sequence variation parameters were estimated by using DnaSP 5.1. For an estimation of the synonymous/nonsynonymous sites, we created an alignment containing only the protein-coding genes, with the ND6 gene adjusted to present the same reading direction as the other genes. The stop codons AGA and AGG were excluded from the analysis, because it has been recently shown that mitochondria in humans use only UAA and UAG as stop codons (46) . Phylogeny Construction and Molecular Divergences. The phylogeny construction was performed as described elsewhere (43, 47) and confirmed using an adapted version of mtPhyl 3.0 (default settings) for a maximum parsimony (MP) analysis, which was initially designed to analyze human mtDNA sequences (48) . The modified .txt files are available on request. We built an MP tree, including 83 horse mtDNAs and the donkey reference sequence, and the topology was also double-checked by a Bayesian approach (Fig. 2 and SI Appendix, Fig. S1 ).
Molecular divergence was calculated using both the PAML 4.4 (49) and BEAST software (50) . The noncoding region between np 16,129 and np 16,360 was excluded from the analysis because of the short tandem repeats present in the mitochondrial genome of both horse (29 repetitions of GTGCACCT) and donkey (10.5 repetitions of CACACCCACACACCCATGCGCGCA). The ML analysis was performed three ways using the predefined tree obtained by the MP and Bayesian approach: one tree considering only the protein coding genes (and synonymous mutations), one tree considering five partitions in the molecule (first, second, and third positions of the codons, RNAs, and noncoding regions), and one tree considering each partition independently. For the first analysis (protein coding genes), the alignment was modified with the ND6 gene adjusted to present the same reading direction as the other genes, and under the mitochondrial genetic code, the nonsynonymous substitutions were excluded from the alignment and replaced with the ancestral base pair. This alignment was analyzed with CODEML, which calculates a synonymous mutation rate by taking into account the mitochondrial genetic code. Analyses were performed assuming an HKY85 (Hasegawa-Kashino-Yano 1985) mutation model, a molecular clock, and γ-distributed rates (approximated by a discrete distribution with 32 categories). To check if the HKY85 model and the clock hypothesis were viable, we also ran the five-partition analysis with the GTR (Generalized Time Reversible) model and a second model not considering a molecular clock. A likelihood ratio test comparing the HKY85 with the GTR analyses did not yield significance (P = 0.9799), indicating that a model more complex than HKY85 was not necessary to explain the evolution of the data. A test comparing the clock and the nonclock was also insignificant (P = 0.2786), and therefore, the clock hypothesis could not be rejected.
BEAST analyses were performed in a similar manner as the last two PAML analyses (for the overall molecule containing five partitions and considering each partition separately). We used a relaxed molecular clock (lognormal in distribution across branches and uncorrelated between them) and a HKY85-type model (two parameters in the model of DNA evolution) with γ-distributed rates. We ran 50,000,000 iterations, with samples drawn every 5,000 steps.
We also obtained a BSP from the horse phylogeny (51) by using a generation time of 8 y (52). BSPs estimate effective population size through time from random sequences of a population. The horse data are especially distant from representing a population under panmixia. Still, the BSP provided good visualization of the increase in diversity in the tree of the sampled horses (mainly domestic). Additionally, we checked whether a Bayesian skyline model would actually perform better than a constant population size model by calculating a Bayes factor comparing the two analyses using Tracer 1.5.0 (http://beast.bio.ed.ac.uk/Tracer). The Bayesian skyline analysis performed positively better than the constant size model when interpreting the Bayes factor using table 1 in ref. 53 .
Calibrating the Horse MtDNA Molecular Clock. For the calibration point in the ML and Bayesian analyses, we assumed an estimated bifurcation time between donkey and horse of 2 My (assuming a 95% interval of 1.9-2.1 My in the BEAST analysis), which is the approximate date for the first fossil evidence of caballoid horses (10, 54, 55) . Considering the time dependency of molecular rate estimates (21) , the use of a paleontological calibration point means that we are prone to possible biases mainly generated by nonsynonymous substitutions and mutations affecting tRNA and rRNA genes (purifying selection) and the control region (tendency to saturation because of the high rate of evolution). The available data are, however, not enough to allow the development of a mutation curve as performed already in humans (20) . Internal calibration points in BEAST could be used to calculate a rate more directed at recent clades (25) . However, we could not discern any viable calibration point, and therefore, our estimates relied only on the fossil record concerning the first appearance of caballoids. This long-term calibration point probably represents an underestimate of the true donkey-horse divergence; thus, it could have a considerable impact on the date estimates.
Synonymous mutations are virtually neutral and the effect of purifying selection is usually not an issue. Using CODEML and the mtDNA genetic code, we estimated 661.45 synonymous mutations from the donkey/horse ancestral split leading to a synonymous rate of 3.31 × 10 −4 substitutions/y (at 3,789 codons) or one substitution every 3,024 y. The complete molecule considering five partitions yielded a rate of 4.48 × 10 −8 substitutions per nucleotide/y using PAML and 6.13 × 10 −8 substitutions per nucleotide/y using BEAST or one mutation every 1,358 and 992 y, respectively. The value obtained for BEAST was possibly caused by an artifact, and it did not fit the observed age estimates, which were higher than in PAML. We ran BEAST without partitions, and we obtained a substitution rate of 3.25 × 10 −8 substitutions per nucleotide/y or one mutation every 1,871 y for very similar age estimates as the one with partitions (less than 5% differences).
